Infrared and Raman spectra have been obtained of crystalline glutathione and its deuterated derivative and interpreted by normal mode analysis. The force field consisted of our empirical force fields for the peptide group and NH; and COT end groups, plus our ab initio force fields for the CH,SH and CH,COOH moieties. Observed bands"are reproduced with an average error of 5 cm-l, demonstrating that the vibrational spectrum of such a complex molecule can be understood in great depth.
INTRODUCTION
Glutathione, y-glutamyl-cysteinyl-glycine, y-glucys-gly (GSH) , is an important constituent of living cells.' Its major function is to be involved enzymatically in the reduction of hydrogen peroxide and other peroxides, and in general to protect cell components against oxidation.', ' GSH has therefore been the subject of much structural and spectroscopic studies. The crystal structure was first reported by Wright3 and subsequently redetermined to higher accuracy by G o r b i t~.~ Infrared and Raman spectra have been r e~o r d e d ,~ but no detailed assignments have been made. Conformational and dynamic properties have been studied by nmr,6 and quantum mechanical calculations of conformation have been a t t e m~t e d .~ Our aim was to provide a. detailed analysis and assignment of the vibrational spectrum of the crystalline form of GSH. This can enable a deeper understanding of spectra-structure correlations for other structural states of GSH. We have performed normal mode calculations on GSH and its N, S, and 0 deuterated derivative, GSD, and compared these results with ir and Raman spectra of these compounds. The force field was based on our empirical force fields for the peptide chain' and NH; and COT end and on ab initio force fields for the Cys CHzSH l 2 and Gly CHzCOOH13 parts of the molecule. The good agreement obtained between Biopolymers, Vol. 34, 1377 -1394 (1994 0 1994 John Wiley & Sons, Inc.
CCC 0006-3525/94/101377-18 observed and calculated frequencies not only validates the empirical peptide force field,' as did previous calculations on peptides, '-11 but it demonstrates that the vibrational spectrum of a molecule as complex as GSH can be understood in great depth.
EXPERIMENTAL PROCEDURES
GSH was obtained from Sigma Chemical Co. We assume that this polycrystalline material has the same structure as the only reported crystal structure of GSH.3,4 The deuterated derivative was prepared by dissolving GSH in DzO, evaporating the solution in vacuo for 24 h and repeating the procedure until the NH and SH stretch bands disappeared in the Raman spectrum.
Infrared spectra, at 2 cm-l resolution, were obtained on KBr pellets, using a Bomem DA-3 FTIR spectrometer, and are shown in Figure 1 . Raman spectra, at 2 cm-' resolution, were obtained on the powder, using a Spex 1403 spectrometer and Ar' laser 514.5 nm excitation, and are shown in 
NORMAL MODE CALCULATIONS Structure
The unit cell of GSH is orthorhombic, with a = 5.622
A, b = 8.781, A, and c = 28.023 A, the space group is P212121, and 2 = 4.4 The molecular packing is shown in Figure 3 Infrared spectra of ( a ) crystalline glutathione (upper) and ( b ) crystalline coordinates of ( x , y , z ) , (1.5 -x , 1 -y , 0.5 + z ) , (1 - The structure of an individual molecule, shown in Figure 4 , was based on that in the crystal. The dihedral angles were those of the crystal structure, although the peptide groups in the main chain were given standard bond lengths and angles' in order to be initially consistent with the empirical force field? For this reason the peptide groups were also kept planar (one dihedral angle deviates significantly from planarity, C7C8NlOCll = -167.0', while the other is nearly planar, CllC14N16C17 = -176.8'; the assumption of planarity in the former was found to have no significant effect on the normal mode frequencies). The geometfy of the NH; and COY end groups was the same as namely N1-H' = 1.037 A, C3-0-= 1.249 A, angles about N 1 tetrahedral, C2C304 = 117.2", and 0 4 C 3 0 5 = 125.6'. Consistent with the x-ray structure, N l C C 0 4 = -18.6' and N l C C 0 5 = 161.5'. The geometries of the Cys and Gly end groups were taken from the ab initio calculations. The crystal structure shows that NCCS = 69.95' and CCSH = 88.65' for the Cys side chain, corresponding to a B conformation14 (CaCoSH -go'), with geometric parameters of l2 CllC12 = 1.539 A, CS = 1.832 A, SH = 1.327 A, CCS = 112.7", and CSH = 97.7". For the Gly s t r~c t u r e '~ the parameters are CO19 = 1.200 A, C020 = 1.308 A, 020H = 0.966 A, CCO19 = 114.4', and 019CO = 122.6'. The hydrogen-bond system is very complex, all potential groups being involved in the three-dimensional hydrogen-bond network. All of the pendant atoms were included in the normal mode calculation, and the geometric parameters of these hydrogen bonds are given in Raman spectra of ( a ) crystalline glutathione (upper) and ( b ) crystalline glu-
Force Field
The force field used in the GSH normal mode calculation consisted of a combination of force fields for the five components of the structure: empirical force fields for the peptide chain, the NH; and CO; end groups, and the C'H2CYH2 segment of the Glu residue, and ab initio force fields for the CH2SH side chain of Cys and the CHzCOOH end group of Gly. The use of empirical force fields for the peptide chain' is determined by the fact that these are the best that are presently available. Nevertheless, they suffer from limitations that must somehow be dealt with. Besides the lack of explicit conformation dependence of the force constants, perhaps the most serious problem is the dependence of certain important force constants, such as N-H stretch ( s ) C = 0 s, 0 * -* H s, and NH in-plane (ib) and outof-plane (ob) bends, on the hydrogen-bond strengths. To deal with this problem, we assume that, as clearly confirmed by ab initio calculations, l5 the stretching force constants vary roughly inversely with their respective bond lengths and the bending force constants vary roughly directly with the hydrogen-bond strength. Starting with the empirical values,' these force constants were then refined by least-squares fitting in accord with the above principles.
The force constants for the C7H2--80 and N16H -C17H2 parts of the main chain were taken from those for polyglycine I , ' while those for the NlOH through C140 part of the chain were taken from those for (3-poly (L-alanine) .' The N -H s constants were determined by fitting to the two clearly assignable N -H s bands in the ir spectrum, and their values were consistent with the expectation l5 that the larger force constant should be associated with the shorter N -H bond length, i.e., weaker hydrogen bond ( NlOH = 0.818 A, N16H = 0.905 A). The C = 0 s constants were determined from their bond lengths (C80 = 1.230 A, C140 = 1.245 A ) according to a previously observed dependence." The 0 --H s force constants were ob- modes, and resulted in the expected relative values. The NH ob force constant for the Cys residue, which would normally be larger,'was given the same value as that for the Gly residue because of its weak hydrogen bond. The values of all these force constants, as well as some others that needed small adjustments, are given in Table 11 . Our previous studies of the NH; and COT end group modes in the tripeptidesg-ll and P-Ca-poly (L- glutamate) , I 7 as well as studies of others on amino acids," have shown that the force constants for these groups vary somewhat from one molecule to another. This is to be expected since the hydrogenbonding structures differ between molecules. It is therefore inevitable that some adjustment of these force constants will also be necessary for GSH. To avoid some arbitrariness in the choice of these force constants resulting from the redundancies around the N + and C-atoms, and to make it easier to compare the different force fields, all the force fields available for these end groups were first transformed into a common force field in which, to minimize the number of constants, the following off-diagonal force constants were set equal to zero: CO, C"C0'; NC", C"NH; NC"H, C"NH; HNH, HNH'; C"NH,HNH; C"C, C"C0; and C"C0, C"C0'. (Conversion of the different force fields in internal coordinates to common force fields in the same local symmetry coordinates of course makes them equivalent for purposes of comparison.lg) The Val-Gly-Gly force fieldg was used as a starting point, and the force constants were then refined to confidently assignable relevant bands in the GSH spectra. These force constants are given in Table 111 , where they are compared with comparable values for other molecules. It can be seen that the GSH values are reasonable in relation to those from our previous The y-glutamyl linkage in GSH, rather than being of the typical a-carboxyl type, is unusual and may be partly responsible, together with the close intermolecular C8-* -0 2 0 ~o n t a c t ,~ for the deviation from planarity of the C8N10 peptide group. The force constants associated with C6 and C7 were therefore first transferred from P-Ca-poly ( L-glutamate), l8 and then some .adjustments were made since the linkage of C7 to the peptide group makes it somewhat similar to the C" of Gly. These modified force constants are given in Table 11 . In the case of the CH2SH group, we have a conformation-dependent ab initio force field12 that can be transferred to GSH. As noted, this group in GSH has a conformation with C"C%H -90", and we have therefore used an ab initio force field that is the mean of the gauche (60" ) and skew ( 120" ) force constants." These and the empirical constants in the adjoining chain were merged as previously.12 Some small changes were then made to give better agreement with bands clearly assignable to this moiety, and the modified scale factors for these force constants are given in Table 11 .
The force field for the CH2COOH group was obtained from an ab initio calculation of a model system consisting of a glycine molecule, in a conformation similar to that found in GSH, with two water molecules hydrogen bonded to the COOH group.13 The motivation for this approach was to try to define the C -0 s and COH bend ( b ) modes with greater confidence than would be possible by using empirical force fields for the acid group. These coordinates contribute to many modes, and their sensitivity to the hydrogen-bond structure makes their assignment in the spectrum far from obvious. By comparing the results for the hydrogen bonded with those for the isolated glycine, l3 it seems possible to arrive at reasonable initial values of the relevant force constants that can then be readily refined from the observed bands. Several aspects of this procedure are worth noting. First, the COH b force constant is much more sensitive to hydrogen bonding than C = 0 s or C -0 s: the ratio of hydrogen-bonded to isolated values is 1.84,0.91, and 1.15, respectively. It might be expected, therefore, that COH b would be quite sensitive to variations in hydrogen-bond structure. Second, the shifts in the C = O s and C -0 s frequencies between COOH and COOD are very sensitive to the COH b components of these modes, and therefore to the COH b force constant. From GSH to GSD, C = O s does not shift and C -0 s shifts down by -3 cm-'. This behavior can only be reproduced by a much smaller COH b force constant than in the glycine model, which we attribute to the very different hydrogen-bond structures: for example, besides the qualitative difference between the 0 2 0 H --* 0 (water) and 020H * * -09C8 bonds, the C18020H --0 9 dihedral angles are very different, -1.1" vs -120.5", respectively. Finally, because of the latter angle difference, the important COH, OH --* 0 interaction force constant must change sign, since the definition of the OH. --0 internal coordinate involves a sign reversal between 0" and 180". The scale factors for these modified force constants are given in Table 11 .
Transition dipole coupling, 20,21 in the dipole derivative coupling (DDC ) formalism,' was computed for the amide I and amide I1 modes. Since the respective force constants for the two peptide groups are different (because of the different hydrogen bond structures), the intramolecular modes are relatively pure and this interaction effect is very small. Because of the large distances between equivalent groups in the unit cell, the calculated shifts for different symmetry species are also very small.
RESULTS AND DISCUSSION
The internal and local symmetry coordinates of the hydrogen-bonded GSH are given in Tables IV and V, respectively. The observed ir and Raman bands and the calculated normal modes and potential energy distributions ( PED ) of GSH are given in Table  VI , and the comparable quantities for GSD are given in Table VII . We present results only in the region of observation, above about 300 cm-'. Below this region, the modes involve low frequency skeletal deformations and intermolecular hydrogen-bond motions. Since these force constants are at best uncertain, and nonbonded interactions between molecules have not been included in the calculation, it is not fruitful at this stage to place much confidence in the details of this low frequency region.
Most of the assignments, which are based on the deuteration results and the normal mode calculations, are generally quite satisfactory. Spectra of other isotopic derivatives would obviously be valuable in confirming those that are less certain.
X H Stretch Region
A detailed assignment of the N H s modes is complicated by the Fermi resonances in this region2' and the overlap with the OH s and NH; s modes. Nevertheless, reasonable assignments can be suggested. For the latter group, consistent with results on other tripeptides,'-" we assign NH; symmetric stretch (ss) , calculated at 3027 cm-', to the observed band at 3031 cm-', probably overlapped with amide B (found at 3058-3080 cm-' in polypeptides2') ; and we assign NH; antisymmetric stretch (as), calculated at 3122 and 3111 cm-', to the observed band at 3130 cm-'. If the 3251 cm-' band is assigned to NH; as, then there are no reasonable assignments for the 2396 and2346 cm-' bands of GSD. With our proposed assignments, the observed GSD bands at 2346 and 2189 cm-' are accounted for (making allowances for differences in anharmonicities between N H and ND modes) by calculated NHT as and ND; ss modes at 2316, 2310, and 2174 cm-', respectively. (We attribute the relatively strong 2252 cm-' band, as well as comparable bands at 2061 and 2018 cm-', to combinations and/or overtones.) The N16H s and NlOH s modes are then naturally assigned to calculated (and observed) bands at 3262 (3251) and 3344 (3348) cm-', respectively. Their shift to 2403 (2396) and 2462 (2495 ) cm-' , respectively, in GSD supports this assignment.
Since the N16H * -* 0 is the stronger of the two peptide hydrogen bonds, the N16H s band would be expected to be the more intense.23 This is not the case, suggesting that the observed 3348 cm-l band may contain another contribution. (Part of its intensity may be due to what seems to be a broad underlying band centered near 3425 cm-'-compare the GSD spectrum-and perhaps due to water on the KBr pellet.) We assign the OH s mode also to this band for two main reasons: in the glycine-( H 2 0 ) , rnodell3 this frequency occurs near 3340 cm-', and in GSD the OD s mode separates from NlOD s, being predicted at 2443 cm-' with a band being observed at 2434 cm-' .
Seven observed ir and Raman bands in the 3000-2850 cm-' region that remain unchanged from GSH to GSD can be assigned to CH2 and CH stretch modes. (The 2834 cm-' band of GSH is much weaker in GSD, and is probably a combination band.) Fermi resonances are also involved in this region, 24 but preliminary reasonable assignments seem possible. The C12H2 as mode at 2979 (2970) cm-' and the C12Hz ss mode at 2937 (2935) cm-' are consistent with similar bands found in ethanethiol at 2980 and 
2931 cm-' , respectively." Expected C"H" modes are well predicted near the observed band at 2863 cm-l. The C17Hz modes correspond to similar bands found for such a terminal group in other tripeptide~,~,'~ and the C6Hz, C7Hz modes are also fairly well accounted for. Secure assignments in this region will clearly be possible only when CD2-substituted molecules can be studied.
The SH s mode is confidently assignable to the observed 2524 cm-' band of GSH. However, its frequency is much lower than the 2560-2565 cmP1 found for ethanethiol in the condensed state.12 Part of this difference may be due to differences in the nature of the hydrogen bonding, since conformational differences do not significantly affect this mode." Another possibility is a Fermi resonance interaction with a combination band (for example, a possibility involving this group is 1559 + 1015 = 2574), giving rise to the observed 2625 and 2524 cm-' bands. The shift to 1837 cm-' in GSD confirms this general assignment, although this band may also
be involved in Fermi resonance with the 1865 cm-' band.
Amides I and ll Region
This region, from 1720-1490 cm-', can be very well assigned, despite the overlap from bands due to the NH: and COT groups.
The ir band at 1713 cm-' is clearly due to CO19 s, being calculated at 1711 cm-' with the comparable force constant transferred without change from the ab initio glycine model force field.13 As noted above, the absence of a shift in GSD is due to a very small contribution of COH b to this mode, which helps to determine the latter force constant.
The two amide I modes (mainly C = 0 s with some CN s ) are well predicted, based on their C = 0 bond lengths and respective force constants (the CO19 bond length of 1.195 and its higher frequency fits in with this general relationship). The unperturbed modes were calculated at 1660.1 cm-' 
for amide I of C8N, with DDC shifts of 0.5 ( A ) , -4.2 ( B l ) , 0.5 ( B 2 ) , and 1.7 (B3) cm-', and at 1627.2 cm-' for amide I of C14N, with DDC shifts of 0.6 ( A ) , 2.1 ( B l ) , 1.9 ( B z ) , and 1.2 (B3) cm-'. The small shifts are of course due to the very different unperturbed frequencies, and consequent minimal mixing of the two modes in the eigenvectors of one molecule, and the relatively large separation of equivalent groups between the four molecules in the unit cell. The observed downshifts on deuteration, about 6 and 10 ern-', respectively, are moderately well reproduced, viz., 5 and 6 cm-' , respectively.
The NH: ab mode can be assigned to the 1615 cm-' band, which disappears on deuteration, and the similar behavior of the 1492 cm-' band suggests its assignment to NH: sb. Both of these are well reproduced by the calculation, 1618 and 1492 cm-l, respectively. The other component of NH; ab, predicted at 1595 cm-', may be within the 1600 cm-l band, which, because it is not much affected by deuteration, we assign to C o g as. ND; as modes are predicted at 1155 and 1116 cm-', with the new 1117 cm-' band being assignable to the latter. The new bands at 1098 and 1063 cm-I in GSD can be assigned to ND; sb, predicted at 1090 and 1066 cm-', respectively.
The amide I1 modes ( N H ib + CN s ) are well assigned to the two bands at 1559 and 1537 ern-', with the higher frequency band associated with the more strongly hydrogen bonded group, N16H. These modes are predicted to shift on deuteration to 1492 (C14N s ) and 1471 (mostly C7Hz b but with a significant C8N s component) cm-', and new bands are observed in GSD at 1486 and 1465 cm-'. The DDC contributions t o amide I1 are very small ( <0.5 cm-') . 
1500-1 100 cm-' Region
The region from 1500 to about 1100 cm-' usually encompasses a number of CH, and CH as well as NH deformation modes, the CO, ss mode, and the so-called amide I11 mode. In the case of GSH we also have to include the C -0 s and COH b modes. The amide I11 mode has classically been considered to be a localized NH ib + CN s countemart to amide 11,25 but as has been pointed out,' this is a much oversimplified description. Even in polypeptides CN s may not be a significant contributor, and in small peptidesg-ll it is often absent, with NH ib contributing to many modes in this region. This also seems to be the case for GSH. The observed bands at 1453 and 1442 cm-' in GSH, which shift to 1445 and 1439 cm-' GSD, are ~~ clearly assignable to CH2 b. Although their frequen- 
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The CO, ss mode, calculated at 1395 cm-' with a contribution at 1404 cm-' , is clearly assignable to the strong band at 1396 cm-' , the mixed mode with C6H2 wag (w ) being assignable to the weak band at 1413 cm-'. These mode compositions are reversed in GSD, at 1401 (1412) and 1393 (1398) cm-', and it is interesting to see that the observed relative intensities follow this pattern, in fact being reversed in the Raman. The C -0 s and COH b modes could be expected to fall in this region, based on the analysis of glycine.13 However, as we noted above, the COH b force constant had to be reduced significantly in order to explain the absence of a shift of the CO19 s frequency in GSD. We expect, therefore, that it will mainly be C -0 s that contributes in this region. For the isolated glycine molecule, observed bands at 1253, 1131, and 1101 cm-' contain C -0 s contrib u t i o n~.~~ For the glycine conformation found in GSH, these modes are calculated at 1308,1156, and 844 cm-' for the isolated molecule and at 1363,1226, and 850 cm-' for the molecule with two water molecules hydrogen bonded to it.13 Using the C -0 s force constant from the latter system, we calculate a main C020 s mode at -1337 cm-', to which strong ir and Raman bands at -1335 cm-' can be assigned, and a small contribution to a calculated 1368 cm-l C17H2 w mode, to which a strong Raman band at 1368 cm-' can be assigned. Another major C020 s NH3 ~~ ( 9 8 ) C6Hz ~~( 7 . 1 ) C7Hz ~~( 2 8 ) C7Hz ~~ ( 7 1 ) C6Hz ~~ ( 2 8 Contributions to potential energy distribution of 10 or larger. s, Stretch; ss, symmetric stretch; as, antisymmetric stretch; h, bend sb, symmetric bend; ab, antisymmetric bend; ih, in-plane bend; ob, out-of-plane bend; d, deformation; w, wag; tw, twist; r, rock; t, torsion. contribution is predicted for a mode a t 864 cm-', and a Raman band a t 868 cm-' is assignable to this mode. In GSD this mode is predicted to move down, with a major C020 s contribution a t 1322 (1332) cm ' and a smaller contribution at 1361 cm which may be assignable to the 1349 cm-' band. This situation illustrates the value of having ab initio force fields derived from higher energy-minimum structures of small molecules that model the comparable part of a larger molecule. The other bands in this region are associated with modes that are generally complex combinations of C " H " b, NH ib, CH, w, and CH, twist ( t w ) , with NH.; rock ( r ) occasionally mixed in. There is no CN s contribution 2.5, except for C8N s ( 7 ) 
1100-700 cm-' Region
This region contains the expected skeletal stretch and CH, r modes as well as COH b, CSH b, and CO, deformation modes. This leads t o significant mixing of these coordinates in most of the modes, with large changes in GSD because of the new mixing with ND ib and ND3 r modes.
About the only skeletal modes to retain their essential character and localized frequency are N1C s, which can be assigned a t 811 (812) For the comparable conformation, CSH b in ethanethiol is found a t 869 cm-' .I2 In GSH we assign this mode to 927 (930) cm-I, where it mixes with C7Hz r and skeletal stretch coordinates. It is also found mixed with C12H2 r a t 762 (764) and 745 (759) cm '. In GSD this mode is concentrated a t 619 (626) cm-', comparable to the 625 cm-' band found in ethanethiol-SD.I2
T h e remaining CO, b, CO, w modes in this region are reasonably well accounted for: 786 (775) and 723 (721) in GSH and 784 (785) and 706 (727) cm ' in GSD.
Amide V and Skeletal Deformation Region
The amide V mode, CN torsion ( t ) plus NH ob, is usually strong in the ir and weak in the Raman, and these modes are well assigned in GSH to bands at 702 (691 ) and 692 (691 ) cm-' . They disappear in GSD, and their counterparts a t 503 (515) and 492 (480) cm-' are very weak.
Other than the skeletal deformation modes, the CS s mode, which is a strong Raman band at 662 cm in ethanethiol," appears a t 679 (679) cm-' in GSH (mixed with amide V of C8N10), and its shift to 683 (681 ) cm-' in GSD is well predicted. Another CS s contribution is present in the B1 and B2 modes a t 649 (658) cm-' [ a s well as a CS s ( 9 ) a t 643 (643) cm-' 1, and this appears a t 653 (647) cm-' in GSD. The same agreement holds for the NH:; and CO, end group modes: N1C t shifts from 556 (549) cm-' in GSH to 395 (399) cm-in GSD, while CO, r a t 531 (520) cm ' in GSH remains relatively unchanged in GSD at 524 (528) cm-' , although it perhaps gains intensity from a new C8N t contribution.
The skeletal deformation coordinates are significantly mixed throughout this region, with only some patterns evident. While CO19 oh contributes a t higher frequencies, a t 1053 (1041 ) cm-' in GSH and 1069 (1063) cm-' in GSD, as well as a t lower frequencies, 590 (--) cm-' in GSH and 596 (612) cm -' in GSD, C140 oh and C 8 0 b contribute only in the lower frequency region. However, C140 ob mixes with CS s in GSH, a t 679 (679) cm-', while in GSD it mixes predominately with COD b, a t 679 (672) ern-.' [there is a C140 ob ( 9 ) with contributions a t 412 (418) (modified by N16D ob) and 327 (339) cm-' in GSD. A strong band a t 401 cm-' in GSH can be assigned to C3 b2, NCC3 d, with a counterpart in GSD a t 395 (399) cm ' .
The C12 b2 mode is a t 353 (360) in GSH and a t 349 (362) in GSD, and a CN16C d mode stays relatively constant a t 296 (303) in GSH and 289 (305) cm-I in GSD.
CONCLUSIONS
The GSH molecule presents a challenging problem in normal mode analysis because of the variety of different chemical groupings of atoms in its structure: main-chain peptide groups, charged NHK and C 0 2 end groups, uncharged side-chain (CH,SH) and end ( CH2COOH ) groups, and an unusual mainchain ( y-Glu) structure. In addition, all of the capable groups participate in a complex pattern of hydrogen bonds between the four molecules in the unit cell. Nevertheless, using currently available empirical force fields for the peptide group' and the charged end group,' '' together with ab initio force fields for the CH2SH and CH,COOH moieties, it has been possible to obtain very good agreement between calculated and observed frequencies for GSH ( t h e average error for observed bands is about 5 cm-' ) and to satisfactorily account for observed shifts in the deuterated GSD molecule. This not only enhances confidence in the force fields used, but suggests that these force fields should be substantively applicable to other conformations of this molecule.
More general normal mode treatments of multiple conformations of a molecular system will depend on having reliable conformation-dependent force fields. These will probably be based on molecular mechanics potentials, which we have shown can be rigorously derived from spectroscopic force fields, 2'i i.e., sets of quadratic force constants, whether empirical or scaled ah initio, optimized to observed spectra. This approach has been applied to n-alkane chains,2i and is now being extended to peptides.
